BACKGROUND AND PURPOSE: Individuals born from pregnancies complicated by preeclampsia have an elevated risk for cognitive impairment. Deviations in maternal plasma angiokines occur for prolonged intervals before clinical signs of preeclampsia. We hypothesized that fetal brain vascular and nervous tissue development become deviated during maternal progression toward preeclampsia and that such deviations would be detectable by MR imaging.
H
ypertensive disorders during human pregnancy include acute-onset emergency preeclampsia (PE), seen at a frequency of 2%-8% of all gestations. 1 PE is a systemic vascular inflammatory syndrome occurring between midpregnancy and term and is the leading cause of maternal and fetal morbidity and mortality. Up to 12% of annual maternal deaths 2 and up to 25% of annual fetal and neonatal deaths globally 3 are PE-associated.
Leading hypotheses addressing the pathophysiology of PE focus on progressive deficits in uteroplacental angiogenesis and maternal vascular remodeling well before the onset of clinical signs, due to an imbalance in angiokines and soluble angiokine receptors, which are predominantly products of the placenta. 4 A recent systematic review of the impact of maternal hypertension (all forms) during pregnancy on offspring addressed outcomes after 6 months of life. The review identified cardiovascular, immune, metabolic, and behavioral/neurologic effects on individuals born from preeclamptic mothers (PE-F1s). For PE-F1s, lower cognitive function was the prominent, reliable association. 5 The deficits in cognitive functions reported for PE-F1s 5-7 include lower intelligence quotient scores, 8, 9 reduced verbal and nonverbal abilities, 10, 11 and reduced arithmetic reasoning. 12, 13 Recently, we conducted a pilot study to determine whether clinical cognitive function test outcomes and brain MR imaging findings differed between PE-F1s and typical 7-to 10-year-old children. 14 The hypothesis driving this research posits that the progressive dysregulation of angiokines that is clinically associated with maternal PE development reflects conditions occurring not only in placental but also in all fetal tissues and impacts fetal cerebrovascular development. This hypothesis 15 predicts that brain anatomy and function differ between PE-F1s and children born from normotensive mothers due to the use of common molecular pathways during vascular and neuronal cell differentiation (vascular endothelial growth factor pathways) and to the importance of cerebral blood flow for anatomic and functional brain development. Our pilot study suggested specific deficits in cognitive testing and in eye-movement control. 16 Initial volumetric analyses of brain anatomic regions by using high-resolution T1-weighted MR imaging datasets identified 5 regions of anatomic enlargement in PE-F1s (cerebellum, temporal lobe, left amygdala, right amygdala, and brain stem). In addition, reduced vascular radii were identified from time-of-flight MR angiography datasets in the occipital and parietal lobes. 14 These preliminary results
were the first reported MR imaging/MRA findings in PE-F1s of any age group.
The aim of the current study was to determine whether microstructural properties, including myelination patterns and white matter connectivity analyzed by diffusion tensor MR imaging, differ between PE-F1s and matched typical children. A further goal was to assess whether DTI findings overlapped the previously identified anatomic or vascular deviations in these children. ) and 30 images with diffusion gradients (bϭ1000 s/mm 2 ) applied along 30 noncollinear directions were acquired.
14

MATERIALS AND METHODS
Participants
Voxel-Based Analysis, ROIs, and Tractography
DTI data were analyzed by using custom software developed in Matlab (R2009b; MathWorks, Natick, Massachusetts) and ExploreDTI (http://exploredti.com/). 18 A 3-step analytic protocol was developed because no previous workflow has been reported for DTI analysis of juvenile PE-F1s, to our knowledge.
In the first step, to compensate for any potential motion artifacts, we registered the 30 DTI acquisitions for each subject to the first bϭ0 s/mm 2 dataset by using an affine transformation by maximization of the mutual information cost function and linear interpolation. After motion correction, parametric maps of fractional anisotropy (FA) and mean diffusivity (MD) were calculated. To enable voxelwise statistical analysis, we transformed the FA and MD parametric maps for each subject nonlinearly to a common reference space by registering the bϭ0 s/mm 2 dataset.
For this purpose, a custom brain atlas was created on the basis of the anatomic images from all 20 children enrolled in this study by using the Individual Brain Atlases Using Statistical Parametric Mapping Software (http://thomaskoenig.ch/Lester/ibaspm.htm) atlas-based automatic segmentation toolbox 19 to account for the pediatric population. In the second step, voxel-based analysis was performed to compare white matter measurements between PE-F1s and control children. Voxelwise statistical comparisons of FA and MD parameters between the 10 PE-F1s and 10 typical children were performed by using Matlab and analysis of variance. Differences were considered statistically significant at P Յ .01 (Fig 1) . From the voxel-based analysis, 6 ROIs were identified and used as seeds for subsequent tractography analysis by using ExploreDTI 18 with standard parameters. More precisely, the 3 largest connected regions of significant voxels visible in at least 3 adjacent sections, determined by voxel-based analysis, were selected for each parameter (FA or MD) and used for further analysis after backpropagation to the original DTI space.
In the third step, tracts identified in ExploreDTI 18 were used to calculate average FA, MD, parallel diffusivity, perpendicular diffusivity, and tract volume (averaging across all voxels in a given tract). The results between PE-F1s and typical children were compared in Matlab by using 1-way analysis of covariance, with age as a covariate. At this third step, differences in tractography were considered significant at P Յ .05. At a significance level of P Յ .05, voxel-based analysis isolated too many tracts of interest. Therefore, voxel-based analyses in the second step were evaluated at a significance level of P Յ .01 to narrow down the search to white matter regions of possible interest. In the third step, tractography was performed at the P Յ .05 level as a standard value, because these data represent the first study of this kind on this defined group of individuals of any age and there were no previously published analyses for guidance.
RESULTS
Voxel-Based Analysis
Voxel-based analysis of differences between PE-F1s and typical children statistically identified 10 regions of difference in FA and 8 regions of difference in MD. The final ROIs selected for tractography analysis were the 3 most different on the basis of voxelbased analysis of FA (middle occipital gyrus, caudate nucleus, and precuneus) and the 3 most different identified by voxel-based analysis of MD (cerebellum, superior longitudinal fasciculus, and cingulate gyrus; Fig 1) .
Tractography in ROIs
From the 6 identified ROIs, 3 differed between PE-F1s and control children. The regions for which statistical differences in any tractography parameter could not be established with this small study group were the middle occipital gyrus (P ϭ .26 -0.47), precuneus (P ϭ .12-0.48), and cerebellum (P ϭ .47-0.77). The regions showing differences were the caudate nucleus, superior longitudinal fasciculus, and cingulate gyrus. Multivariate statistical analysis revealed differences for FA in the caudate nucleus (PE-F1 Ͼ control, P ϭ .008), tract volumes for the caudate nucleus (PE-F1 Ͼ control, P ϭ .05) and the superior longitudinal fasciculus (PE-F1 Ͼ control, P ϭ .03), and parallel diffusion for the cingulate gyrus (PE-F1 Ͼ control, P ϭ .04). Complete comparisons of the DTI parameters between the PE-F1 and typical children are summarized in the On-line Table.
Integration with MR Imaging/MRA Outcomes
The Table summarizes the overlap in findings between the DTI analyses and our previous analyses of brain images from these PE-F1s. 14 The independent DTI analyses identified differences in brain areas between the groups that corresponded with results from our previous analyses. For example, the larger brain anatomic areas described previously in PE-F1 (temporal lobe, right and left amygdalae) were coincident with a higher volume of bundles of white matter (superior longitudinal fasciculus and caudate nucleus) and also with higher values of FA (caudate nucleus). Most important, the right and left amygdalae are part of the limbic area, and they are localized at the end point of the caudate nucleus. Although larger tissue volumes were described in the cere-
FIG 1. Voxel-based analysis comparing the brains of children born from preeclamptic pregnancies with the brains of children born from typical healthy pregnancies (controls). A custom template was created on the basis of the anatomic images of all 20 children enrolled in this study. Voxel-based analysis was performed to compare white matter measurements in PE-F1s and control children. The blue and red dots represent areas where there might have been differences between the fractional anisotropy values (A and C) or mean diffusivity values (B and D)
. From the voxel-based analysis, areas in which a cluster of voxels persisted through at least Ն3 sections were identified and used to define the specific ROIs to be used as seeds for tractography. Magnification of an area (C and D) is used as an example of how ROIs were defined. The 3 most dot-clustered regions in voxel-based analysis for FA and MD were selected, yielding 6 ROIs for more detailed analysis. The ROIs identified on FA were the following: 2, middle occipital gyrus; 7, caudate nucleus; and 9, precuneus. The ROIs identified on MD were the following: 1, cerebellum; 6, superior longitudinal fasciculus; and 7, cingulate gyrus.
bellum, and smaller vascular radii in the parietal and occipital lobes, we did not find any significant deviations in these regions in the advanced DTI analysis. However, the voxel-based analysis of FA and MD parametric maps did identify regions that are part of or correspond to the cerebellum, parietal lobe, and occipital lobe.
DISCUSSION
This is the first report of DTI analyses of the PE-F1 brain. In this small pilot study, unbiased comparisons identified some brain areas with significant differences in DTI parameters between PEF1s and children matched except for gestationally experienced maternal health status. The origins of the impacts of PE defined in our study are unclear. Possibilities include effects that are direct consequences of maternal hypertension or that result from disturbed placental metabolism or function. However, we postulate that the effects arise from angiogenic dysregulation in the fetus itself that mirrors the angiogenic dysregulation displayed in the conceptus-derived placenta and are reflected in measurements of maternal gestational plasma. Thus, we predict that the legacy effects of the preeclamptic gestational experience are not restricted in brains of PE-F1 but are present in multiple vascular beds. This postulate was recently supported by studies of capillaries in early postnatal infant skin. 20 The PE-F1 deviations of increased brain regional volumes or globally reduced vascular diameters suggest that the legacy impact of PE occurred in regions associated with memory and visual spatial processing. 14, 16 Our previous findings that the temporal lobe and right and left amygdalae in PE-F1 are larger than in control children were coincident with the larger DTI volume of white matter in 2 ROIs: the caudate nucleus and superior longitudinal fasciculus (Table) .
In our PE-F1 study participants, increased tract volumes were identified in the superior longitudinal fasciculus, which is a large bundle of association fibers in the white matter that connects the parietal, occipital, and temporal lobes with the frontal lobe. 21 The superior longitudinal fasciculus is strongly related to language and communication pathways. 21 Due to a small sample, we could not establish a statistical correlation between these findings; larger, future studies are needed to address possible relationships.
PE-F1s had higher FA values and thicker white matter bundles over tracts in the caudate nucleus. The limbic area, represented mainly by the caudate nucleus, has an important role in learning and memory involving goal-directed actions. 22 The brain circuits that underlie spatial working memory include the prefrontal cortex, anterior cingulate cortex, basal ganglia, thalamus, and cerebellum. 23 PE-F1 presented with higher parallel diffusion values in the cingulate gyrus (On-line Table) , which corresponds to additional support for differences in the PE-F1 limbic area. DTI identification of higher FA values and a higher volume of white matter tracts on the caudate nucleus plus higher parallel diffusion on the cingulate gyrus predict an impact on spatial working memory in PE-F1 compared with control children. Again, due to the limited sample size, it is not possible to infer whether the observed changes would have a positive or negative impact on this group of children. Similarly, future assessment of a larger number of individuals will be needed to verify possible associations between the limbic area and spatial working memory. In animal models, placental growth factor (PGF)-deficient mice (PGF mutant knockout mice) display altered fetal brain vascular development from midpregnancy. 24 Key deviations identified were in vessels of the hindbrain and circle of Willis. 25 PGF is expressed in all stages of mouse and human preimplantation embryos and throughout brain development. 26, 27 In women who proceed to PE, subnormal maternal plasma levels of PGF, predominantly a placental product, are reported by the end of first trimester when significant elevations first appear in healthy pregnancies. 28, 29 Consistent with this finding, PGF was deficient in the available term plasma samples of the mothers of the children studied in this report while soluble fms-like tyrosine kinase-1 and soluble endoglin were comparable (n ϭ 4 PE/8 controls). 14 Our hypothesis is that in PE, downregulation of PGF and/or related angiogenic signaling molecules is initiated at or before embryo implantation. This predicts PGF downregulation in both the placenta and embryo/fetus during the interval of brain development. Indeed, in cattle blastocysts in which data are available, PGF transcripts are more than twice as numerous in the inner cell mass (fetal primordium) than in the trophectoderm, the primordium for the placenta. 30 We speculate that neurologic and vascular development of the embryonic/fetal brain is already deviated before differences in PGF and/or other molecules regulating angiogenesis are detectable in maternal plasma or before maternal hypertension is clin- ically observed. Vascular and neurologic imaging of neonatal human and mice brains has identified early life capacities for significant structural reorganization. If validation studies with a large number of participants confirm our pilot data, development of preclinical models to assess methods of stimulating neonatal brain angiogenesis to reduce cognitive impairment may be appropriate. [31] [32] [33] [34] It will also be important to compare PE-F1 brain images and functioning with similar data associated with other types of pediatric brain developmental anomalies to understand whether the PE-F1 brain is unique and whether imaging data could be clinically valuable for long-term health management of these individuals.
CONCLUSIONS
Our continuing analyses of brain MR imaging datasets from a small number of 7-to 10-year-old PE-F1s strongly suggest that neurologic differences underlie the intellectual deviations reported in pediatric and adult PE-F1 populations. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The brain regions with statistically significant DTI differences were previously identified in an independent analysis as having anatomic variances in volume or global vessel width compared with children born from typical pregnancies.
14 Our studies, though limited by a small sample size and racial homogeneity (white), strongly suggest that PE causes deviation of fetal brain structures during early development before the onset of maternal hypertension and that these deviations might have functional consequences postpartum.
